Compartment syndrome (CS) has been defined as "a condition in which the circulation and function of tissues within a closed space are compromised by an increased pressure within that space" 1 . It is a serious clinical condition that can occur in any myofascial muscle compartment and can lead to devastating consequences including myonecrosis, permanent neurological injury and Volkmann's ischaemic contracture. CS is commonly seen following trauma, burns, surgery and ischaemia reperfusion injury. We present two cases of CS in association with upper limb fractures in children using patient-controlled analgesia (PCA) and discuss the implications for monitoring for the development of compartment syndrome and analgesia management.
CASE HISTORIES Case 1
A healthy 10-year-old boy presented with an obvious deformity of his left arm having fallen out of a tree late at night. His weight was 30 kg. His left arm was noted to be neurovascularly intact with good pulses and a capillary refill time less than two seconds. The patient was reviewed by the orthopaedic service one hour after the fall and left mid-shaft compound radial and ulna fractures with dorsal angulation of the distal fragments were diagnosed. Intermittent ulnar nerve paraesthesia was noted.
Initial management included intravenous (IV) antibiotics, analgesia with IV morphine 3 mg in total and an above-elbow plaster cast. The patient was admitted to the ward preoperatively for neurovascular monitoring, IV antibiotics and analgesia consisting of regular oral paracetamol 15 mg/kg/q6h and PRN IV morphine 2.5 mg q2h. The following morning he underwent debridement of
SuMMARY
We present two cases of children who developed compartment syndrome after upper limb fractures. Morphine patient-controlled analgesia was used in a bolus-only mode for analgesia (bolus 20 μg/kg, five minute lockout and hourly limit of 150 μg/kg). An increase in patient-controlled analgesia use was observed up to 12 hours before the decision was made to proceed to fasciotomy but neither child exceeded the hourly limit or had an excessive increase in pain scores. Clinical risk factors for compartment syndrome should be identified and appropriate monitoring instituted. A subtle increase in patient-controlled analgesia use may be an early indicator of impending compartment syndrome before classical signs such as reporting of pain, pallor, paraesthesiae, paralysis and pulselessness develop. These cases and review of the literature suggest techniques which may assist earlier diagnosis of compartment syndrome include setting a more conservative hourly limit of morphine patient-controlled analgesia such as 80 to 100 μg/kg/hour and graphing of patient-controlled analgesia demands and boluses, pain scores at rest and pain scores with passive flexion and extension of digits. These practices could identify trends that pain or analgesia requirement is increasing leading to earlier diagnosis of compartment syndrome. his wound and 3 mm Nancy nails were inserted into the fractured radius and ulna. Intraoperatively he received IV morphine 3 mg (0.1 mg/kg).
Postoperatively he was prescribed morphine PCA consisting of 20 μg/kg (600 μg) bolus with a five minute lockout and a total hourly limit of 150 μg/kg (4.5 mg). No background infusion was used. ulnar nerve parasthesia was noted immediately postoperatively. At eight hours postoperatively, the orthopaedic service reviewed the patient due to a pain score of 5/10 and seven boluses of PCA use in the previous two hours. Other than the isolated ulna nerve parasthesia there were no other signs noted and for the remainder of the night analgesia was adequate.
Twenty hours postoperatively the patient complained of swelling and pain on passive stretching of the fingers. The pain score was 6/10 and there had been five PCA boluses in one hour. The plaster cast was split and the arm elevated which provided some relief. The forearm compartment was noted to be soft to touch and peripheral pulses remained intact. The acute pain service reviewed the patient at this time and PCA was continued. For the rest of that day and evening the patient was comfortable with minimal PCA use.
Overnight the patient was again reviewed by the orthopaedic service who were concerned about CS and advised temporary cessation of opioid analgesia. Early the following morning it was noted that the forearm was very tense and extremely tender. The patient could not actively flex or extend fingers and there was severe pain on passive extension of the fingers. A diagnosis of acute compartment syndrome was made and the patient was immediately taken to the operating theatre for a forearm fasciotomy.
Intraoperatively it was noted that the flexor carpi radialis and other flexor forearm muscle groups were pale but viable. The wound was left open and the patient returned to the ward with the intention of further inspection, irrigation and debridement of the wound. Analgesia during these stages consisted of regular oral paracetamol 15 mg/kg/dose q6h and continuation of the morphine PCA with a background infusion of 10 μg/kg/h.
Over the next 10 days the patient returned to the operating theatre four times for delayed closure of the wound with eventual closure 12 days after the initial accident. Contracture in the flexor forearm muscle group was noted on these occasions. The patient was discharged home 14 days after his injury. Review at three months revealed only a slight decrease of power (4/5) in his flexor digitorum superficialis. At five months post injury he had uneventful removal of the Nancy nails.
Case 2
A healthy seven-year-old boy presented in the evening with a suspected supracondylar fracture of the right humerus. He weighed 30 kg and had received intranasal fentanyl on the way to hospital. On examination, he was noted to have paraesthesia in his right hand, an absent radial pulse and capillary refill of four seconds. The right hand was significantly cooler than the left hand. X-rays revealed a Gatland III supracondylar fracture.
The orthopaedic registrar immediately reduced the fracture using nitrous oxide, oxygen and IV morphine and a plaster backslab was applied. Post reduction the radial pulse was present, although weak, and capillary refill had improved to one second. Good position was confirmed radiologically. The patient was admitted to the ward for hourly neurovascular observations.
The following morning the patient was noted to have poor capillary refill distally in the right upper limb and underwent open reduction. Three K-wires were inserted laterally and medially. The brachial artery was found to have an intimal dissection and a vascular surgeon performed an arteriotomy and vein patch graft. Intraoperatively the patient received IV morphine boluses totalling 6 mg (0.2 mg/kg), paracetamol 15 mg/kg IV and the surgeon infiltrated bupivacaine 0.25% to the wound.
Postoperatively the patient was prescribed morphine PCA consisting of 20 μg/kg (600 μg) bolus, a five-minute lockout and a total hourly limit of 150 μg/kg (4.5 mg). No background infusion was used. It was noted in recovery that the radial pulse was absent which was thought to be due to spasm. The capillary refill was less than two seconds. Orders were written for immediate orthopaedic review in the event of increased PCA usage or pain scores. Overnight, the nursing staff noted an increase in PCA usage from zero to one boluses per hour to four boluses per hour. Orthopaedic review noted no increase in pain with active or passive movement, the cast was split and overall pain improved. However, four hours after splitting the cast, the PCA demands increased again to five, six and three per hour over three hours with four, four and three boluses given (Figure 1 ). At this time the patient was in significant pain with passive movement (finger extension) and the hand was noted to be cool and dusky. The forearm was noted to be tense and swollen.
Acute compartment syndrome was diagnosed and the patient was immediately taken to the operating theatre for decompression fasciotomy. Brachioradialis, extensor carpi radialis longus and brevis and the flexor compartment muscles were noted to be dusky but viable. Over the next nine days the patient returned for surgery three times for inspection, irrigation, debridement and partial closure of his wound. On these occasions the midportion of flexor carpi radialis required extensive debridement. Postoperative analgesia after these operations consisted of regular oral paracetamol 15 mg/kg/dose q6h and continuation of the original PCA morphine ±10 μg/kg/hour background infusion.
The patient was discharged 11 days after his injury. Three weeks later, the patient returned to have removal of K-wires uneventfully and was referred for management of his elbow contracture. Two months post discharge he was reviewed and found to have full extension of his elbow but flexion limited to 70 degrees. Neurological examination was normal.
DISCuSSION
Compartment syndrome is most commonly seen after trauma, in particular fractures of the tibial shaft and forearm which in one series accounted for 58% of compartment syndromes in children 2 . CS is known to be a significant complication of highenergy injuries, e.g. motor vehicle accident, fall from a height, crush injury or a high impact sports injury. It may also occur with positioning during surgery, burns, ischaemic reperfusion injuries, animal bites, hereditary bleeding disorders, septicaemia and intravenous fluid infiltration of the limb 1 . Bae et al retrospectively examined 36 cases of CS in children over a six-year period in their institution with 75% of those cases being related to a fracture 3 . Case 2 had two mechanisms for developing CS -the initial injury and an ischaemia reperfusion injury.
The consequences of delayed or missed diagnosis of CS are severe and include rhabdomyolysis, ischaemic contractures, loss of limb, neurological deficit and long-term disability. The key to successful treatment is early diagnosis and decompression of affected muscle compartments.
CS is considered a rare complication of isolated fractures of the forearm and reported to occur in less than 1% of patients. Blakemore CS is primarily a clinical diagnosis made with a high index of suspicion based on the five hallmarks of vascular insufficiency, pain, pallor, pulselessness, paraesthesia and paralysis. However all of these, except pain, are considered late and unreliable symptoms and signs. Pain should be assessed at rest and with passive finger movement. Tenseness and swelling of the affected muscle compartment are valuable signs but are usually obscured by dressings or plaster.
The diagnosis of CS may be more difficult to make in the younger paediatric population given the lack of cognitive or verbal ability to provide meaningful information or localise symptoms 3, 5, 7 . The diagnosis relies on patient history and examination with increasing pain and pain on passive stretch of the affected muscle compartment having traditionally been considered the most reliable 7 . Pain out of proportion to injury, inconsolability, increasing analgesic requirement, progressive neurological deficit or significant swelling in an immobilised or paralysed limb have been suggested as presentations in children that should arouse the suspicions of the clinician. In particular, anxiety and pain in combination with an increasing analgesic requirement are thought to be a more sensitive indicator of compartment syndrome in children 3, 5 . Bae et al 3 reported in their series of 36 children with CS that significant pain was noted in 88%, paraesthesia in 61%, paralysis in 36%, pallor in 30% and pulselessness in only 18%. Only one patient had all five hallmark signs and symptoms.
PCA has been used extensively and safely for many types of acute pain in children as young as five years of age and is now considered a standard of care in paediatric surgery. It has also been used for pain associated with trauma, oncological conditions, palliative care and some medical conditions 8 . The use of PCA and regional anaesthesia techniques have been implicated in the development of CS in adults due to masking of early symptoms of severe pain [9] [10] [11] [12] [13] [14] [15] [16] . Several of these papers report the possibility of PCA delaying the diagnosis of CS 9, 11, 12 and the authors conclude that PCA is potentially hazardous in those patients considered at high risk for development of CS. However, these cases involved use of PCA in adults with an open-ended opioid arrangement and little or no monitoring of the PCA amount and pattern of use. The authors advocated increased clinical monitoring and analgesia supervision and the use of intra-compartmental presssure monitoring. Subsequently, the use of intramuscular opioids (which we would consider less effective analgesia) has been suggested as it requires greater nursing attention and possibly earlier recognition of disproportionate increases in pain 10 .
PCA use does not preclude adequate medical and nursing supervision. In patients at risk of CS, we would suggest PCA requires greater supervision with a clear policy relating to specified 'reportable' high or increased hourly and cumulative opioid demands or use and other measurements, including pain scores, leading to clinical review.
Several paediatric cases of CS with use of regional anaesthesia for analgesia have been reported 13, [15] [16] [17] . However, a recent review of epidural analgesia for lower limb surgery in children showed no clear evidence that presence of an epidural delayed the diagnosis of CS 18 . Another review, in adults, also claimed no convincing evidence of delayed diagnosis of CS in the lower limbs using PCA or epidural analgesia provided patients were adequately monitored 19 .
Increasing analgesic requirement has been shown to be an additional early indicator for the development of CS. One paediatric study has shown that increasing analgesic requirements preceded other clinical symptoms of compartment syndrome (uncontrolled pain or changes in neurovascular status) by an average of 7.3 hours in children who had access to PCA or nurse-controlled analgesia 3 . The authors considered increasing pain and analgesia requirement to be an early and sensitive indicator of compartment syndrome with increasing analgesic requirements via a PCA pump as potentially the earliest warning signal of developing CS.
Both our patients were at high risk of developing CS as they had fractures as a result of a fall from a significant height, had documented nerve injuries that may have partially masked progressive pain from CS and one also had an ischaemia reperfusion injury. Our patients had documented increases in their hourly opioid demands but neither reached their hourly limit, using our protocol, which will alarm with the eighth bolus request for analgesia. Also, these events occurred at night when often the number of PCA requests will drop, but also there may be less supervision and access to surgical review. In both of these cases there was documented PCA bolus increase up to 12 hours prior to pain with passive finger stretching by the surgeons. A conservative hourly limit of morphine PCA of 80 to 100 μg/kg/hour may provide a more sensitive early warning system for impending CS. A recent suggestion is graphing of pain scores and successful/unsuccessful PCA boluses to identify trends that pain is increasing 18 , pain scores should also be recorded with passive finger stretching.
Our case reports highlight the difficulties in providing adequate analgesia to children at high risk for CS. PCA can be used in these patients but they may require a different clinical pathway that monitors pain scores and analgesic use closely.
